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AN AUTOMATED APPROACH TO PREDICTING RF 
SIGNAL MARGINS FOR MISSILE FLIGHT TESTS
By 
Robert H. Moody
TRW Systems 
Cape Canaveral, Florida
A computer system is described which accu­ 
rately predicts RF instrumentation system signal 
margins for missile flight tests. The RF signal 
margin predictions are a function of the missile 
trajectory and the parameters of the range bal­ 
ance equation which are explained in detail. The 
mathematical development of the system is given 
as well as a presentation of data from a recent 
missile flight test at AFETR.
A discussion is presented which illustrates 
how this system may be used as a flight test 
program planning tool and as an instrumentation 
system performance analysis device applicable to 
missile flight test programs.
Introduction
As long as man has flown RF instrumentation 
systems aboard aircraft, missiles and satellites, 
he has been faced with the problem of optimizing 
the system in an effort to provide the maximum 
data coverage during flight. One of the most 
difficult parts of the system to design has always 
been the airborne antenna. Usually, very stringent 
restrictions are placed on airborne antenna design, 
especially in missile instrumentation systems, 
dictated by a requirement for minimum aerodynamic 
drag and weight. Therefore, the most universal 
type of missileborne RF instrumentation antenna 
is the body-fixed variety.
Since most missileborne antennas are body- 
fixed, they cannot be pointed in the manner that 
a ground tracking antenna can be pointed at its 
target, which insures its operation in a major 
lobe. As a missile maneuvers along its trajec­ 
tory, the aspect angles from ground station to 
missile antenna change as a function of missile 
body movement. Since the missile antennas are 
not omnidirectional, the directivities of these 
antennas change as the aspect angles change, 
thereby causing fluctuations in the RF signal 
level .
In the past, the method of RF system link 
analysis has been to compute the aspect angles 
as a function of missile trajectory and ground 
station location. Using the time-correlated, 
computer-derived aspect angles as indices, the 
transformed trajectory was cumbersomely plotted 
onto a contour plot of missileborne antenna 
directivity to obtain the RF link signal margin. 
This would reveal potential problem areas where 
degraded data or loss of signal might occur due 
to low gain lobes in the antenna pattern.
In order to automate this laborious process, 
digitized antenna patterns were developed which 
would lend themselves to computer processing. 
The digitized patterns were produced by making 
field intensity readings as the antenna was sys­ 
tematically stepped through all possible aspect 
angles at fixed increments. This measurement 
method results in a giant matrix of antenna field
intensities, the size of which depends upon the 
size of the aspect angle increments used in making 
the antenna pattern.' The matrix type antenna 
patterns are recorded on magnetic tape and make 
possible a purely automated analysis of RF signal 
margins. The remainder of this paper describes 
how this process was implemented and how the 
results have been used.
Mathematical Formulation 
Range Balance Equation
The type of RF instrumentation system being 
considered dictates the final form of the range 
balance equation, i.e., telemetry, pulsed radar 
beacons, c.w. transponders, communications, or 
command control /destruct. The range balance 
equation forms may be found in most electrical 
engineering handbooks. The form considered by 
this paper is that of an S-band PCM telemetry 
system. 2
The range balance equation RF link parameters 
are organized according to a power budget. An 
abbreviated form for the range balance equation 
may be given as
M = + G - R 
k m n
where M is the RF instrumentation system margin 
in db, or the signal strength at the receiving 
antenna in db, depending upon the program option 
selected; 2, is the summation of all normalized 
constants from the general range balance equation 
in db; Gm is the instrumentation system missile- 
borne antenna gain, relative to an isotropic 
radiator, as a function of aspect angles $ and © 
given in db, and RR is the normalized slant range 
from ground station to missile given in db. The 
unknown (M) is a function of a constant (£[<) and 
two variables (Gm and Rn ) . Two major subroutines 
are used to compute the variables. The constant 
term represents the algebraic sum of the remain­ 
ing parameters found in the range balance 
equation
Gg - 2F - L - C - X g - K - - BW - S t 
(2)
where
Pb = transmitter output power (dbw or dbm)
G = ground station antenna gain (db)
F = normalized transmitted frequency (db)
L = airborne system losses (db)
C = path loss factor (db)
X q = ground system losses (db)
K = Boltzmann's constant (db)
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T S = system noise temperature (db)
BW = noise bandwidth (db)
S = signal threshold required (db)
Slant Range Subroutine. The position of 
the missile along its trajectory, as a function 
of flight time, is given in an X, Y, Z launch- 
centered, earth-fixed (LCEF) coordinate system 
as shown in Figure 1. The launch site is the 
origin of this coordinate system. In order to 
compute the slant range from any ground station 
to the missile, at any point in time, it is 
necessary to locate the ground station in this 
coordinate system.^ This computation can be 
accomplished by the following equation. No 
geodetic-astronomic deflection of vertical 
correction i s made.
X.
AB
where
R.
R l
cosa -sine* 0
sine* coscf 0
0 0 i
* , 
R COSA o o
(3)
a = semi-major axis of the reference el lipsoid (ft)
H = height above mean sea level (ft)
N = geoidal separation (ft)
The slant range distance (R) from a ground 
station to the missile is computed by the 
equation
where x, y, and z are the cartesian coordinates 
of the ground station location (subscript i) and 
of the missile location (subscript m), respec­ 
tively, in the LCEF coordinate system. R is 
initially computed in feet but may be converted 
to any desired units of distance by a conversion 
factor (c) before it is normalized to units of 
db for use in the range balance equation by the 
followi ng formula
R =20 log — n i (5)
It should be noted that the units of R may be 
any unit of distance provided they are con­ 
sistent with the units used for the velocity of 
light in the path loss factor (C) of the ^ 
equat ion.
B =
C = s i nA.
cosA. -sinA.
cosA. i
Subscript i refers to the i tn ground station; 
subscript o refers to the origin or launch site.
a = trajectory azimuth angle measured from East 
(degrees)
•?v 
A = geodetic latitude (degrees)
6 = geodetic longitude (degrees)
= tan
VI
J = geocentric
latitude (degrees)
e = ellipticity of reference ellipsoid
"}" "}'
A = 0j - Q " (degrees)
*
R =r+H+N= radius from center of the
reference ellipsoid to the point of 
concern (feet)
a 2 (l -
- e) 2 - i] 2 A
= radius of
cos
reference ellipsoid
Missileborne Antenna Gain Subroutine. The 
missileborne antenna patterns must be provided 
in accordance with reference 1 for all missiles 
flight tested on any of the national ranges. 
The antenna pattern requirement is basically 
that the RF wave's intensity and its polarization 
characteristics relative to a receiving antenna 
system be given for each missileborne antenna in 
a prescribed format. The RF wave's directional 
characteristics vary with change in relative 
attitude of the missile with respect to a ground 
antenna; radiation characteristics must be known 
over the entire spherical surface surrounding 
the missile. The antenna relative gains are 
measured and recorded as a function of the aspect 
angles 0 and $ which also serve as the two ordi- 
nates of the antenna's spherical coordinate 
system. The resulting relative gain pattern may 
be thought of as a large matrix, the size of 
which depends upon the measurement grid size. 
Measurements made every two degrees result in a 
91 x 180 element matrix. Figure 2 illustrates a 
small portion of an antenna pattern matrix. All 
elements of the matrix are biased by a constant 
value called the reference level in order to 
make the sign of all gains the same. The bias is 
removed before the gain is used in the range 
balance equation.
By skillful programming a 91 x 180 antenna 
pattern matrix may be put directly into computer 
core storage in a 32K memory computer of the IBM 
7094 class along with the remainder of the com­ 
puter program. In smaller computers a disc file 
may be used for storage at the expense of access 
t ime.
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The computation of the aspect angles 6 and $ 
is accomplished by the following equations with 
sign conventions shown in Figure 1:
Appli cations 
Flight Test Planning Tool
3). = cos" 1 (cose*.), 0 < ©. < 180°
e |T!> , 0 < $. < 360U
(6)
(7)
, cosa. , and cosa. are the direction
I o
cosines of the angles formed by the slant range 
vector, RJ, measured relative to the missile 
body axi s ?>, "H, and C.
COStf;
where
D0
= D0
-cos(3
-cosPj
\
-cos(3.
(8)
0
-COS0
0 
si n0g g
-si n0 -cos0
D* g =
ne g =
1
0
0
" cose g
0
si n6 g
0
cos* g
-si n* g
0
i
0
0
sin* g
cos* g
-sine "
g
0
cose g
and cos|3. , cos(3. , and cosP. are the directioni i ix y z
cosines of the slant range vector, R., measured 
relative to the ground station-centered, earth- 
fixed coordinate axes Uj , Vj , and Wj . 6 \Jj 
and 0 are the missile pitch, yaw, and roll 
attitude angles, respectively.
x - x.m i
The airborne antenna gain as used in the system 
margi n equat ion is
where l_ r is the airborne antenna pattern reference 
level and G r is the airborne antenna relative 
gain as a function of © and $.
The basic computer program described in this 
paper was developed for use as a planning tool to 
help support an Air Force missile flight test 
program. The flight test program had a basic re­ 
quirement to provide continuous telemetry data 
coverage, for the duration of powered flight, 
from a flight test vehicle that would be experi­ 
encing radical maneuvers along its trajectory. 
The computer program accurately modeled an S-band 
PCM telemetry link such that a detailed analysis 
of data coverage capability could be made. 
Special laboratory experiments were conducted to 
obtain the most efficient modulation technique 
which established the system bandwidths and the 
signal to noise ratio required at the bit syn­ 
chronizer necessary to provide the desired bit 
error rate. With this information known, the 
Range provided ground station parameters such as 
ground antenna gains, system noise temperatures 
and signal to noise ratios required at the pre- 
amp input.
The final targeting and trajectory genera­ 
tion for flight test missiles is often completed 
only a few days prior to their actual launching. 
Therefore, a flight planning (nominal) trajectory 
was used as a reference for making the RF link 
analysis study prior to the beginning of the 
flight test program. At each point along the 
planning trajectory the missile was exercised in 
simulation through all possible combinations of 
attitudes bounded only by the design limits of 
the missile's guidance system. The computer pro­ 
gram was designed to compute the available sig­ 
nal margin at each missile attitude, for up to 
five ground stations at a time, using the appro­ 
priate parameters for each RF link. In this 
manner the worst case RF link conditions that a 
flight test would be likely to experience were 
determined. The RF link analysis showed that data 
could be lost, during certain periods of flight, 
from most of the planned flight test missiles. 
Subsequently, higher gain ground station antennas 
were procured for two ground stations at the 
Eastern Test Range and one other ground stations 
at the Western Test Range in order to satisfy the 
flight test program requirements.
Postflight System Performance Analysis
The computer program has been used in post- 
flight analysis to provide a standard for com­ 
parison with the actual received signal levels. 
In this application, the actual flight trajectory 
data was used to drive the computer program. 
This data was derived from the on-board guidance 
system computer. Figure 3 illustrates the close 
agreement between predicted signal margin and 
actual recorded signal margin for a recent flight 
test at AFETR.
Figure k illustrates a discrepancy between 
the predicted and actual signal margins. A closer 
investigation of this particular station revealed 
an antenna tracking problem* This problem is 
pointed out clearly by Figure 5-
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Conclusions
The computer program described above was 
used extensively during the instrumentation 
planning phase of a missile flight test program 
and information resulting from its use was used 
to justify costly, but necessary, improvements 
to Range ground stations. The program has since 
been used, with a large degree of success, as a 
standard by which actual system performance can 
be measured.
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® is measured along the roll axis of the missile 
from 0° to 180°. It is the angle from the roll 
axis directed forward from the line of sight from 
the missile to the observer. • .90*
* -0°
$ is measured along the yaw axis of the missile 
from 0° to 360°, increasing clockwise as viewed 
from the rear of the missile. It is the angle from 
the missile's yaw axis, on the top side, to the 
normal projection into the roll plane of the line 
of sight from the missile to the observer. The angle 
is measured clockwise looking forward along the roll 
axis.
LAUNCH - CENTERED, EARTH - FIXED,
RIGHT - HAND, ORTHOGONAL COORDINATE SYSTEM
TO TARGET
-Y
{ th GROUND STATION, ORIGIN Of Uj.Vj.Wj COORDINATE SYSTEM- 
IN X, Y, Z COORDINATE SYSTEM
FIGURE 1. COORDINATE SYSTEHS AND ANGLE RELATIONSHIPS
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